Records for pigs included in an experiment on reciprocal recurrent selection conducted from 1956 through 1971 at the USDA Beltsville Agricultural Research Center were analyzed to obtain estimates of heritabilities and genetic correlations and to derive prediction equations for estimating weight of lean cuts (WTLC) and percentage of lean cuts of shrunk slaughter weight (LCPC). Lean cuts growth rate (LCGR) was then estimated as WTLC/age of pig at slaughter. The base population consisted of two unrelated crossbred strains. A total of 1,294 records of FI and F2 crossbred pigs were analyzed with one barrow and one gilt from each litter. Estimates of heritabilities and genetic correlations were computed with sire components of variance and covariance from a nested analysis of variance with an assumed model of years, strain-lines within years, sire within strain-lines, dams within sires and residual. Degrees of freedom were 307 for sires in strain-lines, 270 for darns in sires and 646 for residual. Heritability (h 2) estimates were .42 + .13, .41 -+ .13 and .27 -+ .18 for WTLC, LCPC and LCGR, respectively, and .71 + .16, .38 -+ .13, .31 -+ .13 and .25 +-.15 for carcass length, average backfat thickness, longissimus muscle area and ADG in BW, respectively. These estimates were apparently the first published genetic estimates involving LCGR based on carcass data. It was recommended that prediction equations to estimate WTLC, LCPC and LCGR for use in swine testing programs be derived from current meat-type pigs.
Introduction
Increasing demands by consumers for lean, high-quality red meats have stimulated swine breeders to adopt selection practices that produce leaner hogs. Measures of leanness include estimates of the amount of lean tissue or lean cuts in commercial carcasses. For the packer, prices of closely trimmed, individual, wholesale lean cuts, including shoulders, loins and hams, still provide a primary measure of market value 1The authors acknowledge with appreciation the comments and suggestions by Lauren Christian, Iowa State Univ.; David England, Oregon State Univ. and Rex Powell and Duane Norman, Beltsville Agric. Res. Center and the contributions of Bonnie Harris, Statistical Assistant, Beltsville Agric. Res. Center.
2 Research Geneticist and Research Leader. respectively, Nonruminant Anim. Nutr. Lab., Anita. Sci. Inst., Beltsville Agric. Res. Center, ARS, USDA, Beltsville, MD 20705. Received October 2, 1987 . Accepted April 12, 1988 for hogs. Edwards et al. (1980) , in a study of 350 commercial hog carcasses, reported a phenotypic correlation of .97 for percentage of lean cuts of chilled carcass weight with percentage of separable lean tissue in the trimmed lean cuts. Thus, measures of separable lean tissue and of lean cuts essentially are interchangeable as indicators of carcass lean content. The swine breeder is a key link in the production of lean pigs for the commercial market. In addition, the breeder is responsible for developing pigs that are profitable for the commercial producer. This profitability is related to the primary trait examined here, lean cuts growth rate, as an indicator of lean tissue growth in the pig.
In order to develop appropriate selection practices, reliable estimates of pertinent genetic and phenotypic parameters are needed, including heritabilities and genetic and phenotypic standard deviations and correlations in the target populations. The primary objectives of this study, therefore, were 1) to derive esti- (Hetzer et al., 1951) and was designated as strain L. Select and control lines of each strain were established and maintained as closed populations. Selection was based on an index combining sow productivity, ADG on test, average carcass backfat thickness and percentage preferred cuts of shrunk slaughter weight. The latter trait included the lean cuts of shoulders, loins and hams and the belly. The above traits, other than sow productivity, were measured in strain-cross progeny. During the entire experiment, the practice was to feed for slaugher at least one barrow and one gilt from representative purestrain and strain-cross litters. Usually, two litters providing carcass data were sired by a single boar. Pigs designated for slaughter were selected to have weaning weights near the mean for their litter and sex.
Feeding and management were standardized as much as possible throughout the experiment. Litters were weaned near 56 d of age. Male pigs designated for slaughter were castrated soon after weaning. A diet with 16% CP was provided ad libitum during the test period, which extended from weaning to an off-test weight of 100 kg for slaughter pigs. Pigs were slaughtered in the Center abattoir. Carcasses were chilled for 72 h and then were separated into closely trimmed wholesale lean cuts and various measurements were taken and recorded, according to standard procedures at the time (Hiner, 1949) . Statistics from the present analyses of RRS data were compared with statistics from two other analyses of swine data compiled at Beltsville (Bereskin, 1984 (Bereskin, , 1987 . Foundation animals for both the latter studies were purchased in 1973 from established purebred Duroc and Yorkshire breeders. Two select and two control lines in each breed were established from the foundation pigs for spring and fall farrowing. Each line was closed during the selection phases extending from 1974 through 1978 for fall litters and through 1982 for spring litters. Selection was based on an index of sow productivity traits with spring litters and on an index of pig performance traits with fall litters. Representative samples of barrows and gilts were slaughtered each season for analysis of carcass traits (Bereskin, 1984) . Performance data from live pigs of the same populations also were analyzed (Bereskin, 1987) . Data from these two studies are referred to as "purebred data," as contrasted with "RRS data" for the present study.
Traits Analyzed. For this study, the traits evaluated were weight of lean cuts (WTLC, kg), percentage lean cuts (LCPC, %) of shrunk slaughter weight (SSWT), lean cuts growth rate (LCGR, kg/d), carcass length (CL, cm), average backfat thickness (ABF, cm), longissimus muscle area (LMA, cm 2) and average gross daily gain in weight (ADG, kg/d). Carcass length was measured from the anterior tip of the aitch bone to the anterior edge of the first rib at the vertebra. Average backfat thickness was the mean of measurements taken at five sites along the mid-back of the split carcass. These sites were at the first and seventh ribs and at the first, mid-and last lumbar vertebrae. Longissimus muscle area was measured from a tracing at the last rib. Average daily gain was that from 56 d of age to a final weight of 100 kg.
Two statistical analyses were computed, nested analyses of variance and covariance (AOV) to derive intraclass correlations to provide estimates of genetic and phenotypic parameters and a least squares regression analysis (Harvey, 1975; Bereskin and Norton, 1982) to derive prediction equations to estimate WTLC and LCPC. For the nested AOV, ADG was adjusted for differences in on-test weight by each pig from the overall mean weight of 18.4 kg by this equation: adjusted ADG = actual ADG -.006 x (pig weight on-test -18.4). The other traits were adjusted for differences in each pig's actual SSWT from the overall mean SSWT of 95.9 kg as follows: adjusted CL (cm) = actual CL -.1012 x (SSWT -95.9); adjusted ABF (cm) = actual ABF --.0374 • (SSWT --95.9); adjusted LMA (cm 2) = LMA -.1709 • (SSWT -95.9). Age at slaughter was adjusted for differences in pig's weight at slaughter from 95.9 kg by pig's actual ADG. Also, adjusted LCPC = actual LCPC + .0717 • (SSWT -95.9) and adjusted WTLC = actual WTLC -.284 x (SSWT -95.9). Finally, adjusted LCGR was computed as (WTLC --.4 kg, for estimated weight of LC at birth) divided by adjusted age. The above adjustment factors, except for WTLC, were derived from analyses of over 1,100 records for control line pigs of the RRS experiment Hetzer, 1981, 1984) . The adjustment factor (.284) for WTLC was derived from the present data set. For the regression analyses, actual records for all traits considered were used.
Numbers and Inbreeding.
Records of carcass traits for 1,294 pigs from the RRS experiment (Bereskin and Hetzer, 1984) were included in the present study. These consisted of records for 647 barrows and for a like number of littermater gilts. Where more than one barrow and(or) one gilt from the same litter were tested, records for one barrow and for one littermate gilt were selected at random for inclusion here.
Of the 1,294 records, 1,046 were those of F1 crosses of the two strains, B and L, with an inbreeding of 0%. Another 108 were of progeny of crosses of control line boars • select line strain crosses as dams, with an expected maximum inbreeding of under 5%. The remaining 140 records were of various F2 crosses, with an expected maximum inbreeding of 5%. For the 1,294 records, overall average inbreeding was estimated as less than 1%. Inbreeding percentages were computed from the assumed zero inbreeding percentages of the base populations in 1955. This sample thereby conformed closely to the average inbreeding level of zero for commercial crossbred market hogs in the US. Also, records included were of unselected pigs that were slaughtered to obtain carcass data for use in evaluating and selecting animals for the breeding herd.
Statistical Methods. Genetic and phenotypic parameters were computed from components of variance and covariance in a nested AOV providing intraclass correlations of paternal half-sib families (Becker, 1984) using the SAS procedures (SAS, 1979) . From the nested AOV, heritabilities (h 2) were estimated as t/rGG , where t is the intraclass correlation among paternal half-sib families and rGG is the additive genetic relationship among paternal half-sib families and equals 1/4 under zero inbreeding. Genetic correlations were computed as covSij/(o~i • O~j) 1/2 from the nested AOV where covS and a S are the sire components of covariance and variance, respectively. Phenotypic correlations were computed from combinations of covariance and variances for sires, dams and residual (Becker, 1984) . The additive genetic standard deviation, o G, was estimated as (40~) "s.
Standard errors (SE) of h 2 estimates were first computed as SE of o~ (Anderson and Bancroft, 1952) and then for h 2 (Becker, 1984) . The SE of genetic correlations were computed according to an approximate equation (Rob ertson, 1959) .
As noted, the regression analyses were based on conventional least squares procedures. All effects in the assumed models were considered fixed, except for residual effects, which were considered random and to be normally and independently distributed to allow tests of significance.
In addition, overall population unadjusted actual sample means, standard deviations (SD) and coefficients of variation percentage (CV%) were computed (Table 1) .
Results and Discussion
Preliminary Statistics. Shown in Table 1 are sample means, SD and CV% for pigs included in the present study from the RRS experiment at Beltsville from 1955 through 1971. Also presented in this table are the same statistics for 649 slaughtered purebred pigs from another selection study at Beltsville from 1974 through 1980 (Bereskin and Frobish, 1982; Bereskin, 1984) . The two populations were not related and all records were for pigs slaughtered to obtain carcass data. The RRS data were for equal numbers (647) of littermate barrows and gilts; the purebred data were for 325 barrows and 324 gilts, not necessarily littermates.
The purebred pigs were considerably leaner than the RRS pigs, as expressed in WTLC, LCGR, ABF and LMA. These results reflect the general status of pigs in the U.S. in the 1950s and 1960s in comparison with those in the 1970s, indicating the major shift to leaner pigs in more recent populations. The RRS pigs had considerably higher dressing percentages for the chilled carcass than the purebred pigs. This was due mainly to the fact that the entire head was
included in the chilled carcass weight for the RRS pigs, whereas only the jowls (of the head) were included in the chilled carcass weight for the purebred pigs. The considerable differences in basic body composition and growth traits for the two populations raise the question of applicability of statistics from the earlier data to current swine testing programs. This will be discussed further in a later section.
Heritabilities. All 1,294 records were included in the nested AOV. There were two records (one barrow and one gilt) for each dam, an average of 1.8 dams for each sire and 3.60 pigs per sire. Degrees of freedom (df) were 14 for years, 56 for strain-lines within years, 307 for sires within strainqines, 270 for dams within sires and 646 for residual, for a total of 1,293 df.
Presented in Table 2 are estimates of h 2 and related statistics from the nested AOV. These results indicate an h 2 of about .4 for both WTLC and LCPC. This value is similar to the composite h 2 of .46 for WTLC estimated from records of some 2,600 live purebred pigs tested at Behsville from 1974 through 1982 (Bereskin, 1987) . Arganosa et al. (1969) reported h 2 of .68 for WTLC and .64 for LCPC in the most recent published results with actual carcass data noted for these traits in U.S. literature. The h 2 of .27 for LCGR, here, also compares favorably with the composite h 2 (.23) estimated in the live animal (Bereskin, 1987) . No other estimate of h 2 for LCGR was found in the U.S. literature. Leymaster et al. (1979) analyzed responses from four generations of selection in closed lines for LCPC at 81.6 kg live weight or for WTLC at 160 d of age. They reported h 2 estimates of .20 and .44 from paternal half-sib analyses and .17 and .32 as realized h 2 estimates of WTLC and LCPC, respectively.
The present h 2 estimates of .38, .31 and .25 for ABF, LMA and ADG in the RRS data, respectively, compare with values of .48, .22 and .31 for these three traits, respectively, in live animals (Bereskin, 1987) . Hutchens and Hintz (1981) noted an average h 2 of .39 for ABF and .38 for ADG in the literature. Siers and Thomson (1972) reported an h 2 of .23 for ABF and .69 for LMA. Arganosa et al. (1969) reported an h 2 of .53 for ABF and .47 for LMA. Our estimated h 2 of .71 for CL was intermediate to an h 2 of .96 by Arganosa et al. (1969) and .49 by Siers and Thomson (1972) . Kennedy et al. (1985) estimated h 2 for ABF as .40 to .61 in four different swine breeds in Canada.
Also included in Table 2 are computed estimates of o~, OG and Op from the nested AOV. The latter two parameters are useful in projections of animal breeding plans and procedures such as prospects for genetic gains and in deriving selection indexes. Table 3 are genetic and phenotypic correlations derived from the nested AOV. Of primary interest are the genetic correlations (r G) among WTLC, LCPC and LCGR and involving these traits with the four basic traits of CL, ABF, LMA and ADG. The very high r G of .99 for WTLC with LCPC is reflected in similar r G values for both traits with the other traits. These include low r G of .19 and .14 for WTLC and LCPC, respectively, with LCGR, moderately positive rG of .33 and .32 with CL, larger negative r G of --.50 and -.52 with ABF, moderate to high r G of .79 and .80 with LMA and -.42 and -.46 with ADG. These values compare favorably with r G values reported by Arganosa et al. (1969) of .05 and .30 for WTLC and LCPC, respectively, with CL, r G of --.60 and -.58 with ABF, r G of .78 and .77 with LMA and r G of 1.04 for WTLC with LCPC. Leymaster et al. (1979) reported an rG of .51 for WTLC with LCPC. Bereskin (1987) analyzed WTLC and LCGR in live purebred pigs, estimated with prediction equations derived from carcass data of related pigs. From the nested AOV, an r G of .33 for WTLC with LCGR was noted, compared with .19 here (Table 3) . Genetic correlations of WTLC with ABF, LMA and ADG were --.97, .97 and -.44, respectively, in the purebred data, compared with -.50, .79 and -.42, here. Also, he reported that r G values of LCGR with ABF, LMA and ADG were --.51,--.01 and .79, respectively, compared with--.20, .73 and .80 for the RRS data, here.
Genetic Correlations. Presented in
Pbenotypic Correlations. As with the r G, the primary interest in rp is associations among WTLC, LCPC and LCGR and involving these traits with the four basic traits of CL, ABF, LMA and ADG (Table 3 ). The rp for WTLC with LCPC was 1.010, the same as their r G value, or essentially 1.0. Both WTLC and LCPC were moderately correlated with LCGR, .24 and .22, respectively. In line with these rp values, WTLC and LCPC had the same correlations: .19 with CL, --.47 with ABF, .60 with LMA, and -.28 with ADG. At the same time, LCGR was lowly correlated phenotypically with CL (.05), ABF (-.02) and LMA (.09), but highly correlated with ADG (.76). Leymaster et al. (1979) reported an rp of .61 for WTLC with LCPC. Arganosa et al. (1969) reported r e values for WTLC of .21, -.27 and .54 with CL, ABF and LMA, respectively. Bereskin and Davey (1978) analyzed data from pigs in a previous backfat selection experiment at Beltsville. They reported productmoment rp values for LCGR with CL (.22), with ABF (.30), with LMA (.06) and with ADG (.77), and for LCGR with LCPC (.11). Based on the above reported findings, WTLC and LCPC were lowly to moderately correlated phenotypically with CL and ADG, substantially and negatively with ABF and substantially and positively with LMA, whereas LCGR was lowly correlated phenotypically with CL, ABF and LMA, highly correlated with ADG and lowly to moderately correlated phenotypically with WTLC and LCPC.
Prediction Equations. Conventional regression analyses were used to derive prediction equations to estimate WTLC and LCPC. Table 4 contains the pertinent results. Analyses were computed with all 1,294 RRS records and with the 647 barrows and 647 gilts separately. Carcass length (CL) was included in an initial model and was deleted in another model. Models with CL deleted showed essentially no reduction in R 2 or increase in the standard error of estimate (SEE, or residual standard deviation) from models that included CL, in agreement with Grisdale et al. (1984) and Bereskin (1984) .
Sex of pig affected (P < .01) both WTLC and LCPC, with gilts exceeding barrows in both traits with Model 1. With sex deleted in Model 2, only minor changes were noted in R 2 and SEE. With Model 2, moderate differences in effects of ABF, LMA and CCWT (chilled carcass weight) on WTLC and on LCPC were noted between records for barrows and gilts. This result agreed with findings by Bereskin (1984) that separate prediction equations for barrows and gilts would increase the overall accuracy of estimates. Equations for estimating WTLC in purebred barrows and gilts from Bereskin (1984) are included in Table 4 . Note the higher R 2 and lower SEE values from that analysis, in comparison with R 2 and SEE values from the present RRS data. In addition, partial regression coefficients (b) for the purebreds differed substantially from corresponding b-values for the RRS pigs.
Standardized partial regression coefficients (B) were computed for both the RRS and purebred barrows and gilts to compare the direct effects of ABF, LMA and CCWT on WTLC. The B-coefficients for ABF, .24 and .51, respectively, for RRS gilts, .31 and .56, respectively, for purebred gilts. For RRS barrows, .32 and .48, respectively, .44 and .51, respectively, for purebred barrows. Standard errors were .033 for each RRS gilt and barrow standardized coefficient and .023 for each purebred gilt and barrow standardized coefficient. The purebred standard coefficients exceeded (P < .05) the comparable RRS coefficients for gilts and barrows with ABF and for barrows with LMA. With both the RRS and purebred gilts and barrows, CCWT had the largest effect on estimates of WTLC, but B-coefficients for CCWT did not differ significantly between purebred and RRS pigs or between barrows and gilts. No conclusive evidence was noted to precisely identify the factors producing the above results. However, it appears reasonable that differences in means and SD (Table 1) of most of the traits in the two populations were major causative factors in the divergent results.
Equations to estimate LCPC, although computed, were not presented in the 1984 Bereskin report, but averaged 10% lower in R 2 than equations to estimate WTLC. From the present study (Table 4) , R 2 values for separate equations for barrows and gilts to estimate LCPC were some 16% lower than R 2 values with equations for barrows and gilts to estimate WTLC. Adams et al, (1972) reported an R 2 of .67 from a prediction equation that included ABF, LMA and CCWT to estimate WTCC compared with an R 2 of .45 from use of the same variables to estimate LCPC. Grisdale et al. (1984) also reported a large decrease in the correlation (r) of actual with estimated percentage of carcass lean (r = .34) from the correlation of actual with estimated weight of carcass lean (r = .85). In addition, Bereskin (1984) checked on possible quadratic effects of ABF, LMA and CCWT on estimates of WTLC and LCPC. Only CCWT evidenced a quadratic effect (P < .05) on WTLC, but R 2 and SEE each differed by only .001 from those parameters with the linear model. Thus, nonlinearity of effects apparently was not a significant factor in the differences noted for R 2 between WTLC and LCPC. No definitive causes for the lower R 2 values noted from prediction equations to estimate LCPC than to estimate WTLC were identified. However, the fact that LCPC is a ratio of two variables, WTLC and a measure of CCWT, in this analysis, or SSWT, may result in LCPC being more variable in response to a prediction equation than the response of the single component, WTLC, thereby resulting in a lower R 2 value. Then, as noted by Bereskin (1984) , the more accurate and preferred method to estimate LCPC would be first to estimate WTLC by an appropriate equation and then, if desired, simply compute LCPC of the specific actual CCWT or SSWT, which presumably could be measured with little or no error. The prediction equations discussed here estimated LCGR from birth to slaughter weight of near 95 to 100 kg. Estimates of LCGR from ontest weights of 18 to 29 kg (National Swine Improvement Federation, 1981) could be derived if reliable estimates of WTLC at those weights were available (Grisdale et al., 1984) .
Discussion
The major purpose of this study was to provide additional estimates of heritabilities and genetic and phenotypic correlations for the traits WTLC, LCPC and LCGR, based on actual carcass data, in view of the extreme shortage of these statistics on swine in the literature. Heritabilities of about .40 were derived for WTLC and LCPC and about .27 for LCGR. These values compare with h 2 of .46 and .23 for WTLC and LCGR, respectively, from pooled estimates by prediction equations based on ultrasonic measures of ABF and LMA in the live animal (Bereskin, 1987, Table 8 ) and with h 2 estimates of .68 and .64 for WTLC and LCPC, respectively (Arganosa et al., 1969) . Suggested composite estimates of h 2 on the order of .40 for WTLC and LCPC and .25 for LCGR appear to be reasonable. Thus, traits such as WTLC and LCGR show promise of substantial responses to selection and merit serious consideration for inclusion in current swine improvement programs.
Selection on traits such as lean tissue growth rate (LTGR) and lean tissue feed efficiency (LTFE) have been proposed by Fowler et al. (1976) in place of selection on a conventional performance index. It should be noted that LTGR, LCGR, WTLC and related traits also are forms of an index, in that they are based on prediction equations derived from different combinations of the basic traits of ABF, ADG, LMA and CCWT. However, an important difference is that LTGR, LCGR and WTLC are expressed in terms of biologically meaningful actual units of pig performance, compared with the abstract indexes now in use in swine testing and selection programs. A major problem largely restricting the use of LCGR, LTGR and related traits in current swine testing programs is the lack of readily obtainable and cost-effective measures of traits needed to develop prediction equations to estimate WTLC, WTLT, LCGR and LTGR in the live animal. New studies specifically designed to overcome these problems are needed. In the meantime, currently available prediction equations can be used by swine testing stations to provide estimates of LCGR or LTGR and related traits in summaries of boar performance, along with traditional index scores. A further step would be to compute LTFE or lean cuts feed efficiency (LCFE) and include it in the summaries. An example of computing LCFE was presented by Bereskin and Davey (1976) .
Finally, estimates of h 2, r G and rp derived from the RRS data of previous decades were largely within recognized and realistic limits, despite substantial differences between the RRS an.d later purebred data in means of basic traits such as ABF, LMA and ADG. However, prediction equations to estimate traits such as WTLC, derived from the RRS data, differed widely from like equations derived from the later purebred data, with higher SEE and lower R 2 for the RRS data. As a result, an important conclusion is that prediction equations to estimate WTLC and related traits should be derived from populations of modern meat-type pigs, in line with current breeding objectives.
